In mining excavation, the retained entry with stiff coal pillar is situated in the strong mine ground pressure. Influenced by mining abutment stress and dynamic stress (the vibration signal) induced from the hard roof activation, the retained entry may be subjected to roof separation, supporting body failure, severe floor heave, and even roof collapse. Based on a 2D physical model, an experimental method with plane-stress conditions was used to simulate the mechanical behavior of the rock strata during mining. In this experiment, three monitoring systems were adopted to reveal the characteristics of the strong mine ground pressure in the stiff coal-pillar entry retaining. e results show that the hard roof undergoes bending down, fracture, and caving activation successively until it is able to support overlying loads. e abutment stress which is induced from the loading transfer in stiff coal pillar is larger than that in other rocks around the retained entry in amplification, and overlying loads above the worked-out area have a loading effect on the unworked-out area. When the hard roof is situated in the activation state, the dynamic stress is generated from the hard roof activation, which is verified by the great saltation of acoustic emission signals. e results of mining ground pressure in the physical model can clearly illustrate the mechanical behavior of the rock around the retained entry with stiff coal pillar.
Introduction
As a fossil energy source, coal has provided enormous energy for human civilization in the past and in the future. Strip mining and underground mining are the main ways to maintain the sustainable development of coal production. Security maintenance of entries in underground mining requires solving many engineering and mechanical problems, which is a key technology to ensure the normal operation of the production system [1] . As the development of the longwall mining, there are two entries on both sides of every longwall panel, which is called the two-entry system throughout the world [2] [3] [4] . Figure 1 schematically shows the two-entry system when extracting coal from Panel 1. Head entry 1 and Tail entry 2 serve Panel 1 together with auxiliary transportation and ventilation function until the coal is mined out in Panel 1. However, Tail entry 2 faces a number of challenges which are caused by extraction, such as mining-induced stress evolution, instability of support body, roof separation, and the severe floor heave. From the view of mechanics, the question that whether Tail entry 2 can be retained to serve Panel 2 with stiff coal pillar needs to be further discussed.
Stage 1 is the in situ stress state of Tail entry 2, which is not affected by the hard roof activation above the adjacent gob; Stage 2 is the stress evolution state of Tail entry 2, which is affected by the hard roof activation above the adjacent gob; Stage 3 is the side abutment stress state of Tail entry 2, which is not affected by the hard roof activation above the adjacent gob; and Tail entry 2 should be retained to serve Panel 2.
Coal pillar width determines the stress condition around the retained entry during the hard roof activation above the gob in Panel 1 [5] [6] [7] [8] [9] . Strength reduction of the coal pillar is treated as the decreasing ratio of the pillar's width and height [10] . When the hard roof above the gob is stable in Panel 1, yield coal pillar places the retained entry in the stress-releasing state, while stiff coal pillar places it in the stress concentration state [11] . Shabanimashcool and Li [12] found that stresses in the stiff coal pillar fluctuate up and down during mining because of periodic cave-in events behind the longwall face. Wang et al. [13] believed that the coal bump risk of the retained entry is enhanced significantly when the coal pillar width increases. Bai et al. [14] analyzed the roof failure mechanism of the retained entry and determined the width of the coal pillar as less than 5 m or more than 22 m based on the side abutment stress evolution. Under the condition of the field monitoring, Yu et al. [15] found that the mininginduced abutment stress in 38 m wide stiff coal pillar is affected by the hard roof activation above the gob with the increase of 21 MPa, while the consideration of the mininginduced dynamic stress in the stiff coal pillar was not involved. Mohammadi et al. [16] demonstrated that the extension of excavation-damaged zone above the retained entry occurs as the coal pillar width decreases from 30 m to 10 m based on a computational geometric model. Shen et al. [17] concluded that the roof with weak plane for the retained entry is easily subjected to shear failure when the ratio of the pillar's width and height is less than 8 m. Several significant researches have great influence on the stability of the retained entry [18] [19] [20] [21] [22] .
e method of cutting hard roof to achieve the pressure relief has been widely used in the world [23] [24] [25] . Huang et al. [26] proposed a method of improving the top coal cavability through top coal and roof hydraulic fracturing, which makes the recovery ratio reaches more than 80% under the condition of hard super-thick coal seam. rough the physical experiment of the hydraulic fracturing for hard roof, Lin et al. [27] obtained that the initial notch can effectively reduce breakdown pressure, and a longer notch together with an appropriate notch angle can result in a more gradual, smoother fracture reorientation path in the hard roof. Han et al. [28] determined the optimal cantilever length of the lateral cantilever roof structure according to the deformation of the retained entry. As the development of the hydraulic fracturing technology, the hard roof weakening not only improves the cavability but also decreases the abutment stress around the worked-out area during longwall mining [29] . Bai et al. [30] demonstrated that hard roof treatment results in the lower stress concentration and smaller deformation, making it possible for safe retained entry by using small pillar sizes based on the numerical simulation results. Besides, Xia et al. [31] [32] [33] discussed the mininginduced ground movement and deformation in tectonic stress metal mines based on case studies.
In this work, a 2D physical model with plane-stress conditions was established to simulate the mechanical behavior of the rock strata behind the working face during the mining process. In this physical model, three monitoring systems were used to reveal the characteristics of strong mine ground pressure in stiff coal-pillar entry retaining.
Experimental Method

Geological and Mining
Conditions. First Yangquan coal mine is located in the city of Yangquan, Shanxi Province, China.
e two-entry system, which is employed in the longwall top coal caving operation, is approximately 2200 m long by 220 m wide in every panel as shown in Figure 1 . e average thickness and buried depth of coal seam 15 are 6.5 m and 600 m with the dip angle of 4°. As shown in Figure 2 
Physical Model.
e physical experiment was conducted by a physical modeling system at the State Key Laboratory of Coal Resources and Mine Safety in China. As shown in Figure 3 , the modeling system consists of a servo load [34] , strength, density, and geometry should follow the particular relationship as Equation (1) . For this work, similarity ratios of C L , C ρ , C σ , C t are determined as 160, 1.53, 244.8, and 12.65, respectively. Advances in Civil Engineering 3
where C L , C σ , and C t are the similarity ratios of geometry, strength, and time, respectively. C ρ is the density similarity ratio between the prototype and the model. L p , σ p , and ρ p represent the dimension, strength, and density of the rock strata in the field; L m , σ m , and ρ m represent the dimension, strength, and density of the rock strata in the model. Figure 2 , eight materials with different deformability and strength are used to simulate the mechanical behavior of the rock strata, including mudstone, coal seam 15, limestone, mudstone group 1, fine sandstone, mudstone group 2, medium sandstone, and mudstone group 3. Physical materials are mingled with sand, gypsum, calcium carbonate, water, and mica powder. Under the condition of the uniaxial compression test and the strength similarity ratio, the ratio of the material contents is determined based on the existing results [35] . For this work, eight materials are presented in Table 1 . Totally, 1733.91 kg sand, 169.10 kg calcium carbonate, 234.49 kg gypsum, and 25 kg mica powder are deserved in this model.
Physical Materials. As shown in
Monitoring Instruments and Methods.
Evolution of the abutment stress, acoustic emission signals, and the rock strata displacement are determined as indexes of the mine ground pressure during the hard roof activation above the gob. UEILOGGER 3.0.0 data acquisition system, made by American UEL Company, was used to monitor the evolution of the abutment stress. e system consists of four parts, including the miniature pressure cell, UEILOGGER host, data transmission cable, and data processing software. e miniature pressure cell is capable of operating in the saturated aqueous medium. e measurement range of the miniature pressure cell is 0.02-1.5 MPa, the deviation is limited to 0.5% FS, and acquisition frequency is set at 1 Hz in this monitoring programme.
e acoustic emission monitoring system (AEwin), made by American Physical Acoustics Corporation, was used to monitor acoustic emission signals. is system also consists of four parts, including the acoustic emission sensor, the acoustic emission host, the data transmission cable, and data processing software. e measurement range is 1 kHz-3 MHz vibration frequency, and maximum acquisition frequency reaches 40 MHz for the acoustic emission monitoring system. e resonant frequency, the sensitivity peak, and the effective acquisition frequency of the acoustic emission sensor are 40 kHz, 75 dB, and 15 kHz-70 kHz in this monitoring programme, respectively. In addition, TS3866 digital photogrammetry system was used to monitor the rock strata displacement. Figure 4 shows the layout of monitoring points for three monitoring systems. Six miniature pressure cells (P 1 to P 6 in Figure 4 ), eight acoustic emission sensors (S 1 to S 8 in Figure 4) , and 144 monitoring points of displacement (Measuring line 1 to Measuring line 6 in Figure 4 ) are arranged in this physical model. ree miniature pressure cells are used to record the abutment stress evolution in the coal floor, and three other miniature pressure cells are used to record the abutment stress evolution around the retained entry. Two of the acoustic emission sensors are used to record acoustic emission signals in the roof of the retained entry. All the six measuring lines are used to monitor the rock movement of different rock strata in the roof.
e detailed parameters of the monitoring points' layout are presented in Figure 4 .
Physical Test Procedures.
e whole test involves six steps: (1) Preparation of experimental tools, such as the high stiff loading frame, physical materials, mixing barrel with electric power, electronic scale, three monitoring systems, and other essential tools. (2) Model and compact the eight physical rock strata one by one, and separate every rock strata with certain mica powder. (3) Apply the vertical load 0.056 MPa through 20 loading rams in the top frame to simulate the overburden loads, fix the normal displacement in the floor boundary, two-side boundaries with the frame, and keep the free state for the front and back boundary of the model after two months of the model completion. (4) Conduct the excavation of the retained entry. From the view of mechanics, the additional stress around the retained entry generally comes from the activation of the hard roof structure near the retained entry, while the collapsed hard roof structure in the gob center is independent of the additional stress around the retained entry. (5) Perform the longwall successively which retreats from the panel center to panel boundary to simulate the activation effect for the hard roof of the retained entry. In each stage, 50 mm-long coal is excavated by using a mini shovel.
en wait 20 minutes before the next excavation. During the excavation, three monitoring systems should be operated in a normal state for recording until the test procedure ends. 
Results
Activation Characteristics of the Roof above the Gob.
As the pictures shown in Figure 5 , the suspended roof encounters bending, fracture, and caving activation when the suspended area is large enough. During the roof activation, the cantilever construction supports overburden loads behind the coal body until it occurs fracture or caving down. As shown in Figure 5 (h), the cantilever construction encounters fracture above the stiff coal pillar when applying the additional vertical stress in the top physical model. As shown in Figures 5(i)-5(k) , the upper hard roof, for instance, the fine sandstone which is strong enough to bear the overburden loads is called the key stratum [36] , is not caving during the longwall retreating in Panel 1. However, as shown in Figure 5 (l), it encounters fracture and caving activation when applying the additional vertical stress in the top physical model.
Along the vertical direction, roof bends down in the lower roof near the gob initially, and then the upper roof begins to bend down gradually. e lower roof is larger than the upper roof in vertical displacement distinctly. As the increasing distance from the gob center, the roof vertical displacement decreases gradually as the measuring data shown in Figure 6 (a). When the suspended area is large enough, the roof encounters fracture activation instantaneously and then cave activation in a short time as shown in Figure 6(b) . However, the soft stratum such as the mudstone group encounters fracture and cave as long as the lower hard roof like the limestone fractures and caves. As the increase of the suspended area, the roof encounters the fracture and caving activation, and the increasing caving zone compacts the gob gradually as shown from Figure 6 (b) to Figure 6 (e).
Evolution of the Additional Abutment Stress.
At first, additional abutment stress increases slowly, then decreases sharply, and presents stabilization finally in P 1 , P 2 , and P 3 as shown in Figures 7(a)-7(c) . e stable value is less than zero. 
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Besides, applying additional vertical stress in the top model is independent of the additional abutment stress in P 1 , P 2 , and P 3 . Peaks of the additional abutment stress in P 2 and P 3 are larger than that in P 1 , and the inflection point occurs when the coal is mined out above the measuring point. In addition, at first the additional abutment stress increases slowly, then increases sharply, decreases sharply afterwards, and presents stabilization in the final in P 4 , P 5 , and P 6 as shown in Figures 7(d)-7(f ) . Additional abutment stress in P 5 is larger than that in P 4 and P 6 in amplification and whose minimum is in P 4 . However, applying additional vertical stress in the top of the model can increase the abutment stress in P 4 , P 5 , and P 6 greatly.
Characteristics of the Acoustic Emission Signals.
Distinct acoustic emission phenomenon occurs during the hard roof activation above the gob as measuring point S 4 in Figure 8 . e ring count indicates that the number of the effective acoustic emission signals exceeds the threshold value. Obviously, the ring count turns to the saltation state instantaneously during the layered caving and cantilever construction fracture, but it always equals to zero when the roof is relatively stable as shown in Figure 8 (a). e peak of the ring count occurs when applying the additional vertical stress in the top of the model. e energy, the area of the detection signal envelope, reflects the strength of the acoustic emission signal. As shown in Figure 8 (b), the ring count turns to the saltation state instantaneously when layered caving and cantilever construction fracture occur, but it always equals to zero when the roof is relatively stable. When additional vertical stress is applied, the energy monitored is much greater than that in other time. In addition, the amplitude, the range of the acoustic emission wave envelope, is messy but is relatively large during the hard roof activation above the gob as shown in Figure 8(c) . Similarly, it reaches the peak when applying the additional vertical stress in the top of the model. 
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Discussion
In mining excavation, stiff coal-pillar entry retaining is under the condition of strong mine ground pressure, which is validated by the physical method. e rock around the retained entry experiences not only the evolution of the side abutment stress and the front abutment stress [37] but also the loading of dynamic stress induced from the fracture and caving activation for the hard roof. When the strength and the stiffness are insufficient to support the overburden loads, the hard roof structure experiences fracture and caving activation like the limestone shown in Figure 5 .
e cumulative energy of elastic deformation in the structure may release the dynamic stress instantaneously [38] . When the dynamic stress waves to the underground space like the retained entry, dynamic disasters such as the large deformation in short time occur, even if the retained entry is protected with a stiff coal pillar, such as deformation results of the retained entry shown in Figure 9 .
e suspended roof encounters bending, fracture, and caving activation when the suspended area is large enough. During the activation process, overlying loads above the worked-out area have a loading effect on the unworked-out area. Besides, the generating dynamic [39] . e entry experiences the whole hard roof activation above the gob.
stress wave to the nearby retained entry, which makes the rock around the retained entry under the synergy effect of abutment stress and dynamic stress. e results of mining ground pressure in the physical model of plane stress can clearly illustrate the mechanical behavior of the rock around the retained entry with stiff coal pillar under the hard roof [40] . However, the physical model can only simulate the mechanical behavior of the rock strata behind the working face during the mining process when it is under the planestress condition. When there are several hard roofs near the mining coal seam, this experimental method is a great option for predicting the mine ground pressure of the stiff coal-pillar entry retaining, while it is inappropriate for predicting the deformation behavior of the retained entry when the dimension of the entry is just 31 mm in width and 25 mm in height. In addition, when monitoring the dynamic stress induced from the hard roof activation, the monitoring system of high-frequency pressure cell is more convinced than vibration signals with the acoustic emission.
Conclusions
In order to reveal the mine ground pressure of stiff coalpillar entry retaining and verify whether this entry can be retained to serve the next panel influenced by the hard roof activation, a 2D physical model with plane-stress conditions was established to simulate the mechanical behavior of hard roofs behind the working face. e results of the experimental method are concluded as follows.
(1) e hard roof closed to the gob undergoes bending down, fracture, and caving activation successively unless its upper hard roof is strong enough to support overlying loads. e cantilever structure, which is supported by the stiff coal pillar above the gob, faces the potential fracture activation above the stiff coal pillar under the front abutment stress induced from the retreating of the next panel. (2) Under the synergistic effects of the side varying abutment stress and dynamic stress, the entry cannot be retained to serve next panel successfully even though it is protected with a stiff coal pillar. Overlying loads above the worked-out area mainly have a loading effect in the stiff coal pillar. Besides, the dynamic stress induced from the hard roof activation can wave to the underneath retained entry. (3) e experimental method can be used to analyze the mechanical behavior of the rock strata during the mining process. Since the geological and engineering conditions are different, the procedure is still necessary for other cases.
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